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Abstract: Nanophotonic devices offer an unprecedented ability to concentrate light into 
small volumes which can greatly increase nonlinear effects. However, traditional 
plasmonic materials suffer from low damage thresholds and are not compatible with 
standard semiconductor technology. Here we study the nonlinear optical properties in the 
novel refractory plasmonic material titanium nitride using the Z-scan method at 1550 nm 
and 780 nm. We compare the extracted nonlinear parameters for TiN with previous works 
on noble metals and note a similarly large nonlinear optical response. However, TiN films 
have been shown to exhibit a damage threshold up to an order of magnitude higher than 
gold films of a similar thickness, while also being robust, cost-efficient, bio- and 
CMOS-compatible. Together, these properties make TiN a promising material for metal-
based nonlinear optics. 
 
1. Introduction 
Among the many materials used in nonlinear optics, traditional metals have long been known to exhibit 
large nonlinear coefficients [1] and offer the potential for significant field enhancement when 
nanostructured [2-4]. Consequently, the role of metals in nonlinear optics can be divided into two regimes: 
1) when the metal itself serves as the nonlinear medium and 2) when metal serves as a supplementary 
element for a nonlinear system. Towards the first point, many proof-of-concept demonstrations of metallic 
nonlinear devices such as frequency conversion [1, 5-9], ultrafast dynamic switching [10, 11], high 
sensitivity biological detectors [12-14], and enhanced spectroscopy [15] have been reported. However, the 
example devices mentioned above, which rely on the nonlinearities in metals, have not seen widespread 
adoption which may be due in part to their low efficiency and propensity for deformation under the intense 
fields required for nonlinear optics [16, 17]. Subsequently, efforts have been directed towards point two 
where metallic components are supplementary to another, more efficient, nonlinear medium and are 
designed, for instance, to enhance or concentrate the electric field [18]. However, even in this case, the 
capability of such structures to withstand the intense fields generated by confinement is limited. Thus, there 
is a need to look for better materials which are not only plasmonic, but possess the ability to withstand high 
intensities, and to understand the inherent nonlinearities present in such materials.   
Recently, TiN has been suggested as a refractory metal (melting point > 2900°C) with plasmonic 
properties similar to gold [19]. In addition, TiN has tunable optical properties, is chemically stable, can be 
grown epitaxially on magnesium oxide, c-sapphire, and silicon, and is bio- and CMOS-compatible, all in 
stark contrast to the noble metals [19, 20]. In fact, TiN-based metasurfaces have been experimentally 
demonstrated to withstand temperatures and optical intensities greater than gold structures, making them 
potentially interesting for applications in nonlinear optics [21]. However, the inherent nonlinearities of this  
 Fig. 1. Linear optical spectra of TiN deposited at 350°C on silica glass as derived from spectroscopic 
ellipsometry measurements.  
important material have yet to be investigated, although some studies have been conducted on weakly 
plasmonic nanoparticle matrices [22, 23]. These studies do not provide information upon the inherent 
nonlinearities in the metal as it is known that nanostructured samples can exhibit altered nonlinearities due 
to geometric parameters (for example, plasmon resonances) [23, 24]. Additionally, the study of S. Divya 
et al used nanosecond pulses where cumulative thermal effects (i.e. increased lattice temperature) can 
significantly contribute to the observed nonlinearities. Here we extract the ultrafast nonlinearities using 
femtosecond pulses on thin films of TiN, enabling characterization of the underlying inherent material 
nonlinearities which describe the response of the material in the absence of external parameters such as 
nanostructuring (e.g. surface plasmon resonance) or enhancement (e.g. field confinement). Using the 
dual-arm Z-scan technique at both 1550 nm and 780 nm, we find nonlinearities in TiN films which are 
similar to the large nonlinearities found in traditional metals.  
2. Results 
A 52 nm thick TiN film deposited on fused silica at 350°C was investigated in this work. The linear optical 
functions of the TiN films, shown in Fig. 1, were obtained using spectroscopic ellipsometry and the model 
as described in Eq. (3) (see the Appendix). The TiN sample is found to have a permittivity of 
ε = -2.50 + i6.42 (?̃?𝑜= 1.48 + i 2.17) at 780 nm and ε = -11.66 + i 23.04 (?̃?𝑜  = 2.66 + i 4.33) at 1550 nm. 
The nonlinear optical properties were investigated using a dual-arm Z-scan technique (see Appendix for 
detailed description) [25, 26].   The total complex refractive index including third-order nonlinearities can 
be written as ?̃? =  ?̃?𝑜 + ?̃?2𝐼  where ?̃?𝑜 = 𝑛𝑜
′ + 𝑖𝑛𝑜
"  is the complex linear refractive index, ?̃?2 =  𝑛2
′ + 𝑖𝑛2
"  
is the complex nonlinear refractive index, and I is the input light intensity. The measurable quantities for 
the nonlinear refractive index and nonlinear absorption are usually written as 𝑛(𝐼) = 𝑛0 + 𝑛2𝐼 and 
𝛼(𝐼)  =  𝛼0 +  𝛼2𝐼  where   𝑑𝐼 𝑑𝑧⁄  =  -𝛼(𝐼)𝐼,  which  are  related  to  ?̃?2  by  𝑛2
′  =  𝑛2  and 
𝑛2
" =  (𝜆 4𝜋⁄ )𝛼2. Following the procedure of del Corso and Solisthe, the real and imaginary portions of the 
third-order susceptibility in SI units are given by [27]: 
Re{𝜒(3)} =
4
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where εo is the free space permittivity, c is the speed of light, λ is the wavelength, and other parameters are 
as defined above.  We note here that the nonlinear refraction and absorption depend on both the real and 
imaginary parts of the susceptibility (see Appendix) [28, 29]. The common approximations that Re{?̃?(3)}  ∝
𝑛2 and Im{?̃?
(3)} ∝ 𝛼2 do not apply in metal films where the imaginary part of the index is large. It is also 
important to note that the incident intensity values should be corrected for the reflectance of the multilayer 
system, such that Ieff = Io(1 - R) [29]. For the TiN on fused silica, R = 0.412 at 780 nm and R = 0.587 at 
1550 nm which are determined from the linear optical properties using the transfer matrix method for thin 
films [30].  
Additionally, the measurements were completed for excitation pulse widths of 95 fs at 1550 nm and 220 fs 
at 780 nm and the extracted nonlinear parameters may vary for pulse widths different from these values. 
Specifically, thermal nonlinearities within the pulse envelope become important as the pulse width nears or 
exceeds a critical value given by 𝑡𝑝 ≥ 𝜌𝑜𝐶 (𝑑𝑛/𝑑𝑇)𝛼𝑜⁄  where n2 is the nonlinear refractive index, ρo is the 
density, C is the heat capacity, dn/dT is the temperature dependent refractive index change (i.e. cumulative 
thermal nonlinearity), and αo is the absorption coefficient [31]. For TiN and the values 
ρoC = 3.13 × 106 [J/Km3] [32, 33], dn/dT = 6 × 10-4 [K-1] [34], n2 values as shown below, and 
αo = 3.5 × 105 [cm-1], we find a critical pulse width of ~500 fs. Thus, even with the current excitation 
parameters (95 fs and 220 fs), thermal nonlinearities within the pulse envelope may begin to play a role in 
the measurement, and are likely to result in modified values of the extracted nonlinear properties for pulse 
widths longer than those used here.  
The open and closed aperture Z-scan results at 1550 nm are shown in Fig. 2(a),(b) for several incident 
intensities ranging from 24 to 141 [GW/cm2] (27 - 155 nJ/pulse) as calculated for a Gaussian pulse by 
Io = 2Epulse/π
3/2wo
2τ where Epulse is the pulse energy, wo is the beam waist, and τ is the 1/e pulse width given  
 
 
Fig. 2. Compilation of the a) open aperture and b) closed aperture Z-scan curves for several different 
intensities at 1550 nm. Experimental results are shown with symbols and the fitted curves are 
depicted with a solid line.  
 
 
Fig. 3. Compilation of the a) open aperture and b) closed aperture Z-scan curves for several different 
intensities at 780 nm. Experimental results are shown with symbols and the fitted curves are depicted 
with a solid line. 
(a) (b) 
(a) (b) 
by τ = tFWHM /2√ln (2) [26]. Each scan was completed twice and the results were averaged to further reduce 
any error due to beam instability.  
The open aperture Z-scan shows saturable absorption described by α(I) = αo/(1 + I/Isat) [35]  giving a 
fitted saturation intensity of Isat = 530 [GW/cm2]. Expanding to the first order with  
(I)  ≈  αo - (αo/Isat)I  =  αo +2I, an  average  value  of  𝛼2 = -6.6 × 10
-9 [m/W]  is obtained. Likewise, fitting 
the closed aperture experimental data, an 𝑛2 = -3.7 × 10
-15 [m2/W] is extracted. Using Eq. (1), (2), the total 
complex third-order susceptibility is found to be  ?̃?𝑒𝑓𝑓
(3)
 = -5.9 × 10-17 - i 1.7 × 10-16 [m2/V2] or 
?̃?𝑒𝑓𝑓
(3)
 = -4.2 × 10-9 - i 1.2 × 10-8 [esu]. 
Likewise under an excitation wavelength of 780 nm the open and closed aperture results are shown in 
Fig. 3(a),(b) for several intensities. Using the same fitting procedure, values for the nonlinear coefficients 
were found to be Isat = 510 [GW/cm2] resulting in 𝛼2 = -6.8 × 10
-9 [m/W] and 𝑛2 = -1.3 × 10
-15 [m2/W]. 
These values result in complex third-order susceptibility of ?̃?𝑒𝑓𝑓
(3)
 = -5.3 × 10-18 - i 1.8 × 10-17 [m2/V2] 
or ?̃?𝑒𝑓𝑓
(3)
 = -3.8 × 10-10 - i 1.3 × 10-9 [esu]. 
3. Discussion 
The results of our experiments have been summarized in Table 1 along with several other relevant works 
studying the nonlinear properties of thin metal films and a recent result investigating TiN nanoparticles 
[22]. We note here the description of the nonlinearity as an effective ?̃?(3), denoted ?̃?𝑒𝑓𝑓
(3)
. This distinction is 
made due to the multitude of processes which can contribute to the observed signal in metals and our TiN 
films such as population rearrangement, band filling, or bandgap renormalization which are not intrinsically 
third-order processes. However, these processes can be modeled through the complex nonlinear refractive 
index as has been done for previous metal films, although other methods can potentially be used [36, 37].   
In addition, we note that the data available in the literature contains some stark differences to our 
measurements such that a direct and quantitative comparison is difficult due to varying wavelengths, 
differing methods of characterization (optical Kerr effect or Z-scan), different pulse widths, and different 
film thicknesses. First, variations in the wavelength can certainly lead to an altered nonlinear response (as 
is shown in the TiN film). One example for this variance in films can be the presence of resonant features 
which can significantly increase the nonlinearities (for instance, the d-sp orbital transition in gold occurring 
near 500 nm) [38]. Consequently, one may expect that moving to a longer wavelength in gold films (i.e. 
off resonance) would result in a decrease of the nonlinear response. Secondly, due to the difficulty in 
completing the closed aperture Z-scan analysis on metal films, some data from literature were obtained 
using an optical Kerr effect measurement [29]. This measurement, in general, deduces a different tensor 
value of ?̃?(3)which need not relate to the value measured with Z-scan. Also, the results from the literature 
use a significantly longer pulse width than that used here. It is well known for dielectric materials that a 
longer pulse width can drastically increase the nonlinear response through the incorporation of additional, 
slower effects such as electrostriction, thermal heating etc. [31] and has also been shown to produce a 
similar dependence in metal films due to thermal smearing d-band electrons [37]. Finally, as noted by 
E. Xenogiannopoulou et al, thinner films (of a few nm’s) can show an enhanced nonlinear response, roughly 
a factor of 4 to 5 increase when the thickness is decreased from ~50 nm to ~5 nm [29]. Therefore, the 
nonlinear responses in the thin silver and gold films reported in Table 1 may be increased due to their small 
thickness.  
Despite these factors, we note that the nonlinearities in TiN films are similar in magnitude to other 
standard metal films. Additionally, it has been shown that TiN can withstand a significant intensity before 
damage occurs, owing to its properties as a refractory metal. In this previous work, a damage threshold of 
~5 [GW/cm2] (0.2 [J/cm2] for 40 ps pulses at 2 Hz and λ = 532 nm) was found [39]. For comparison, gold 
films are reported to have a damage threshold of Io ~ 400 [MW/cm2] (14 [mJ/cm2] for 35 ps pulses at 10 Hz 
and λ = 532 nm), which is one order of magnitude less than that of TiN films [28, 29].  
Additionally, we note that TiN can be grown epitaxially on silicon, c-sapphire, and MgO, enabling 
high-quality ultra-thin films down to 2 nm which can increase the nonlinear response of the material [41]. 
While thinner films are likely to have a lower damage threshold, such a TiN film may also increase the 
nonlinearity, as has been documented with other metallic films (although this effect may be different for 
femtosecond pulses). Also, due to the aforementioned d-sp transition in gold, open aperture Z-scans of gold 
films observe two-photon absorption in the range of 532 - 1064 nm. However, we note that TiN exhibits 
saturable absorption even as low as 780 nm. This is due to the lack of any resonant absorptive term in the 
permittivity until shorter wavelengths less than 400 nm. This situation is similar to the case of silver, which 
also exhibits saturable absorption even as high as 532 nm, and may be useful for applications towards TiN-
based intensity selective mirrors used in mode-locked lasers where both high reflectivity and saturable 
absorption can be achieved in a single thin film. 
 
Table 1. Comparison of the third-order susceptibilities of thin metal films. Some results used the 
simplified relations for 𝜒𝑒𝑓𝑓
(3)
 (marked with *). The results for silver film were recalculated using the 
full complex relationship of 𝜒𝑒𝑓𝑓
(3)
 (marked with **) using the refractive index of silver at 532 nm as 
found from literature (since the value was not provided in the paper) [40]. 
Material λ [nm] 
Pulse-
Width 
αo [cm-1] Re{𝜒𝑒𝑓𝑓
(3)
} [esu] Im{𝜒𝑒𝑓𝑓
(3)
} [esu] 
52 nm TiN film on Fused 
Silica 
1550 95 fs 3.5 × 105 -4.2 × 10-9 -1.2 × 10-8 
 780 220 fs 3.5 × 105 -3.8 × 10-10 -1.3 × 10-9 
55 nm TiN/PVA 
nanoparticle matrix [23]  
532 7 ns 5.8 × 105 -1.9 × 10-11 5.0 × 10-11 
5 nm Au film [28] 532 30 ps 5.7 × 105 - 8.6 × 10-8 * 
52 nm Au film [29] 532 35 ps 3.3 × 105 7.0 × 10-10* 4.0 × 10-9 * 
8 nm Ag film [36] 532 10 ns 2.9 × 105 -6.4 × 10-8** 2.6 × 10-7** 
 
4. Conclusion 
In this work, we have investigated the nonlinear refraction and absorption of the novel refractory metal TiN 
by the dual-arm Z-scan method at the technologically important wavelengths of 1550 nm and 780 nm. It is 
found that the effective third-order nonlinear optical susceptibility values are similar to other traditional 
metal films as well as TiN nanoparticles. However, unlike gold films, TiN is shown to have saturable 
absorption behavior up to 780 nm with saturation intensities of ~500 [GW/cm2]. Additionally, previous 
demonstrations illustrate that TiN films can withstand intensities of ~5 [GW/cm2] (40 ps pulses), an order 
of magnitude larger than is reported in gold films for similar excitation conditions. Collectively, these 
properties make TiN a promising material for practical applications using metal-based nonlinear devices. 
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Appendix 
Fabrication 
The TiN films were fabricated using reactive magnetron sputtering (PVD Systems Inc.) similar to the 
method described in reference [19]. A titanium target was sputtered into a 60% nitrogen 40% argon 
environment at 5 mT. The substrate was heated during the deposition to 350°C and the resulting TiN films 
on fused silica form a polycrystalline structure. In addition, control of the substrate temperature enables the 
modification of the carrier concentration within the film. Higher temperatures allow more carriers (i.e. 
cross-over permittivity ~ 500 nm at 800°C versus ~600 nm at 350°C. The linear optical properties of the 
TiN films were measured using variable angle spectroscopic ellipsometry (J. A. Wollam Co.) at two angles 
of 50° and 70°. The ellipsometry data were fitted using a Drude+Lorentz model encompassing three 
oscillators as follows1: 
 
2 22
2 2 2
1
( )
Drude p m m
mDrude m m
f f
i i
 
  
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

  
    
   (3) 
where ε∞ is the permittivity at high frequency, ωp is the unscreened plasma frequency, fm and fDrude are the 
strength of the oscillators, ωm is the resonant frequency corresponding to the Lorentz oscillator, and Γm and 
ΓDrude are the damping of the oscillators. The first term captures the Drude-like metallic response while the 
other two Lorentz terms capture the absorption peaks.  
Experimental Characterization 
A Ti: Sapphire laser system (Clark-MXR, CPA 2110) at 780 nm with 1 mJ energy/pulse, 150 fs (FWHM) 
pulse width, and 1 kHz repetition rate was used to pump the optical parametric amplifier (Light conversion, 
TOPAS-C). The output of TOPAS-C was tuned to 1550 nm which is used for our dual arm Z-Scan 
measurements [26]. The input beam was sent through the combination of half wave plate and polarizer for 
fine tuning of the energy then spatial filtered to obtain a Gaussian beam.  To monitor laser fluctuations, a 
small fraction of the laser beam (approximately 10%) was deflected and used as a reference. The remaining 
90% was evenly divided into two beams by using a 50/50 beam splitter sent through the Dual-Arm (DA) 
Z-Scan.  We have reported DA Z-Scan measurements for solutions by keeping the solution in one arm and 
solvent in another arm [26]. We followed the same procedure in the present measurements by replacing the 
solution with the TiN thin film and the solvent with the bare substrate. The DA Z-scan essentially cancels 
correlated noise between the two arms (e.g., pulse width, pulse energy and beam pointing) to greatly 
increase the signal–to-noise ratio.  To implement this technique the system which is constructed with two 
identically Z-scan arms, is first calibrated by placing identical fused silica samples in each arm and adjusting 
the energy and sample positions to get a null differential Z-scan signal, i.e. Z-scan signals subtracted.  Once 
calibrated we replace the fused silica in the two arms with the TiN thin film and the bare substrate 
respectively. The closed aperture (CA) DA Z-scan profile of TiN is obtained by subtracting the CA signal 
of the bare substrate from that of the TiN thin film. Similarly, the open aperture DA Z-scan of TiN was 
simultaneously measured as described in [26]. The pulse width at 1550 nm and 780 nm was determined 
from the closed aperture Z-Scan of fused silica. The beam waist at the focus was calculated by performing 
the open aperture Z-Scan of GaAs and ZnSe which shows 2PA at 1550 nm and at 780 nm, respectively (the 
FWHM of the open aperture scan is equal to 2zo). 
Relation of Complex Susceptibility to Measurable Quantities 
Traditionally, only the real portion of the linear refractive index is used during the calculation of the 
susceptibility. While this simplification is acceptable in the cases of low-loss dielectrics where ?̃?𝑜
′ ≫ ?̃?𝑜
"  , 
it cannot be used for metals [28]. Due to the complex nature of the refractive index, coupling between the 
real (imaginary) nonlinear index and imaginary (real) susceptibility arises. The general relation between 
the complex third-order susceptibility and the nonlinear refraction is shown in Eq. (4) as derived from 
reference [31] with 𝐼 = 2𝜀𝑜𝑛𝑜
′ 𝑐|𝐸(𝜔)|2 following the procedure of [27]. Here we adopt the definitions of 
?̃?2 and ?̃?
(3) as presented in reference [31], although other definitions are also used in literature. 
 ?̃?(3) =
4
3
𝜀𝑜𝑐𝑛𝑜
′ ?̃?𝑜?̃?2  (4) 
The real and imaginary portions of the susceptibility in SI units are then given by: 
Re{𝜒(3)} =
4
3
𝑛𝑜
′ 𝜀𝑜𝑐 [𝑛𝑜
′ 𝑛2 − 𝑛𝑜
" 𝛼2
𝜆
4𝜋
]  (5) 
Im{𝜒(3)} =
4
3
𝑛𝑜
′ 𝜀𝑜𝑐 [𝑛𝑜
′ 𝛼2
𝜆
4𝜋
+ 𝑛𝑜
" 𝑛2] (6) 
Many works in literature also use the electrostatic unit system where the third-order susceptibility is related 
to SI units by ?̃?(3)[𝑆𝐼] = 1.4 × 10−8?̃?(3)[𝑒𝑠𝑢] [31]. If the losses in the material are low then we can clearly 
see that the formulas reduce to the typical form (within a scaling factor that depends upon the initial 
definitions) as presented in other works [25]: 
Re{𝜒(3)} =
4
3
𝑛𝑜
′ 2𝜀𝑜𝑐𝑛2             (7) 
Im{𝜒(3)} =
4
3
𝑛𝑜
′ 2𝜀𝑜𝑐𝛼2
𝜆
4𝜋
 (8) 
However, as we have mentioned, these simplified formulas are not a fully accurate description of the 
third-order susceptibility for lossy films, and Eq. (5),(6) should be used in general. 
 
 
